Ferritins are ubiquitous iron storage proteins. Recently, we identified a novel metal-binding site, transit site, in the crystal structure of phytoferritin. To elucidate the function of the transit site in ferritin from other species, we prepared transit-site-deficient mutants of human H ferritin, E140A and E140Q, and their iron oxidation kinetics were analyzed. The initial velocities of iron oxidization were reduced in the variants, especially in E140Q. The crystal structure of E140Q showed that the side chain of the mutated Gln140 was fixed by a hydrogen bond, whereas that of native Glu140 was flexible. These results suggest that the conserved transit site also has a function to assist with the metal ion sequestration to the ferroxidase site in ferritins from vertebrates. in the variants, especially in E140Q. The crystal structure of E140Q showed that the side chain of the mutated Gln140 was fixed by a hydrogen bond, whereas that of native Glu140 was flexible. These results suggest that the conserved transit site also has a function to assist with the metal ion sequestration to the ferroxidase site in ferritins from vertebrates.
Introduction
Ferritin is a ubiquitous iron storage protein that possesses ferroxidase activity (E.C. 1.16.3.1). In general, ferritin molecules form hollow, spherical cage-shaped oligomers composed of 24 subunits, which can be related by 2-, 3-and 4-fold symmetry axes. The outer diameter of the oligomer is approximately 120 Å while the diameter of the inner cavity is around 80 Å.
Thousands of iron molecules can be incorporated into the inner cavity via ferroxidation occurring in the ferroxidase site [1, 2] . In vertebrates, ferritin usually functions as a hetero-polymer composed of two distinct subunits, the H (Heavy) chain and the L (Light) chain.
The H and L chain composition of ferritins is tissue specific, e.g., L-chain-rich ferritin is found in the tissues involved in long-term storage of iron such as the liver, while H-chain-rich ferritin is found in the tissues with more active iron metabolism such as muscle. The H chain possesses the ferroxidase site and mainly contributes to the oxidative incorporation of iron, whereas the L chain lacks the ferroxidase site [1, 2] . Two major active sites have been identified as the key sites for the iron incorporation: 1) the hydrophilic channel around the three-fold symmetry axes; and 2) the ferroxidase site. Iron, usually ferrous iron, enters from the hydrophilic three-fold channel (iron entry) [3] and is then transferred to the ferroxidase site and oxidized (ferroxidation), then is sequestered to the side chains of acidic amino acid residues positioned on the inner cavity surface (nucleation). The three-fold channel forms a funnel-like structure lined with the acidic residues Asp131 and Glu134 in the human H chain. In the known crystal structures, one to three metal ions are seen in this channel. After entry from the channel, iron atoms are sequestered to the ferroxidase site, which is composed of six amino acid residues, namely Glu27, Tyr34, Glu62, His65, Glu107 and Gln141, in the human H chain [4] . Ferrous irons are oxidized and generate a µ-1,2-peroxodiiron(III) intermediate, which immediately decays to a µ-1,2-oxodiiron(III) intermediate [5] [6] [7] [8] . 4 Although active sites in the iron storage process have been discovered and well characterized, the connections between the known active sites have not been clarified in detail. Recently, Turanoa and co-workers suggested that the ferrous iron was translocated in the 4-helix bundle from the ferroxidase site to the E-helix positioned around the four-fold symmetry axes [9] .
Concerning the translocation from the entry channel to the ferroxidase site, we identified a novel metal binding site, known as the 'transit site', in the crystal structure of soybean ferritin No. 4 (SFER4) [10] . The metal ion at the transit site is coordinated by the side chain of Glu173 and the carbonyl oxygen of the main chain of Thr168. These residues, especially Glu173 of SFER4, are strictly conserved in ferritins from other species. Glu173 corresponds to Glu140 of the human H and L chains. Almost all of the reported sequences of vertebrate ferritin have this glutamate residue; however, in an exception, this residue is substituted for by lysine in the sequence of the mouse L chain. Santanbrogio et al. suggested that this substitution causes the low iron incorporation activity of the mouse L chain compared with the human L chain [11] .
Here, to confirm the function of the transit site in vertebrate ferritin, we have compared the ferroxidase activity of the human H chain with its variants, E140A and E140Q, whose transit sites were substituted for by alanine and glutamine, respectively. According to the fast kinetics assay, the mutants showed a delay in ferroxidase activity, especially in the E140Q mutant. These results were supported by the X-ray crystallographic analysis of these molecules. Thus, the transit site was proven to assist with the metal ion movement in vertebrate ferritin as well as phytoferritin.
Materials and methods

Protein expression and purification
Construction of the expression plasmid for human H ferritin was performed in a way similar to that described previously [12] . In brief, the cDNA of the human H ferritin (Accession No. BC016009) encoding 182 amino acids was amplified by PCR using the primer set of (5′- and size exclusion chromatography according to the purification method for soybean ferritin described previously [10] .
Kinetics assay of iron core formation 6
Apo ferritins were prepared using thioglycolic acid as a reductant as described previously [13] .
The prepared apo-ferritin was dialyzed against the working buffer (50 mM HEPES-Na, pH 7.0).
Concentrations of purified proteins were adjusted to 2.0 µM by the absorbance at 280 nm [14] .
Single wavelength stopped-flow kinetics experiments were performed using the SX.18MV ), which was calculated for µ-oxo-bridged Fe(III) [6] , was used to calculate the kinetic parameters. The initial rates were determined by a linear fit of the data points from 0 to 50 ms after mixing, representing the first phase of the iron oxidation kinetics curve. The initial velocities were measured from four to five independent experiments at each Fe concentration.
Crystallization, data collection and structure determination
Purified human H ferritin and its variants were concentrated to 10 mg/ml in a buffer consisting Diffraction data of the crystals of the native, E140A and E140Q variants were collected to resolutions of 1.52, 1.9 and 1.58 Å at 100 K at the SPring-8 beamline BL38B1 and BL26B1
after flash cooling with 30 % glycerol as a cryoprotectant. Data were processed, merged and scaled with the HKL-2000 (HKL Research) [15] . Data processing statistics are shown in Table I .
The structure of native human H ferritin was determined using the deposited structure of the human H chain (PDB ID: 2FHA) and the current data set. Refinement was performed using the REFMAC5 program [16] and PHENIX software [17] . The structure was rebuilt using COOT (E140A) and 3AJQ (E140Q).
Results
Initial velocity of iron oxidation in native H ferritin and its variants
To evaluate the function of the transit site in iron sequestration to the ferroxidase site in human H chain ferritin, we prepared purified native H ferritin and its transit site variants, E140A and E140Q, and analyzed their iron oxidation/nucleation activity. The proper oligomeric formation of the variants was verified by gel filtration (data not shown). UV spectral absorption at 305-330 nm has been traditionally used to monitor the ferroxidase activity of ferritins. The absorbance around the wavelength, which is characteristic of µ-oxo-bridged Fe(III) dimmers, increases as a result of the Fe(II) oxidation in the ferroxidase site of ferritin. Figure 1 shows the 8 time-dependent increase of the absorbance at 310 nm in a rapid kinetics assay of ferritin species in which 96 µM of Fe(II) was mixed with 2 µM of ferritin (1/1 Fe(II) atoms per ferroxidase site).
The initial velocity of native human H ferritin was 63.1 ± 7.17 µM/sec, whereas those of the variants E140A and E140Q were 36.2 ± 4.47 µM/sec and 29.0 ± 1.56 µM/sec, respectively. All the calculated values were significantly different (P < 0.01) in the variants. Furthermore, the values were also significantly different between two variants (P < 0.05). These tendencies were also observed at the ferritin/Fe(II) ratios of 2/48 (data not shown). These results showed a delay in iron oxidation and core formation in the transit site variants of human H ferritin, among which the rate in the E140Q variant was rather strongly affected.
Three-dimensional structural analysis of native human H ferritin and its variants
To investigate why the rates of iron oxidation and core formation were affected differently in the variants, we crystallized the native human H ferritin and its variants and performed structural analyses. Until now, crystallizations of the human H chain were performed using the mutant K86Q, in which the surface lysine residue is substituted for glutamine [4, 19] . However, we obtained highly symmetrical cubic crystals (space group F432) of human H ferritin without any modifications. Crystals of the transit site variants, E140A and E140Q, were obtained in a condition similar to native crystallization. In these crystals, inter-molecule contact was mediated by magnesium ions positioned around the side chains of Asp84 and Lys86 (Fig. 2a) . The statistics regarding the data collection for and refinement of these crystals are shown in Table 1 .
Diffraction data sets of native human H, E140A and E140Q were collected up to resolution of 1.52, 1.9 and 1.58 Å, respectively. The final structural models of the native and its variants showed good geometries. The root mean square distances of all atoms of the proteins were 0.403 (between native and E140A) and 0.523 (between native and E140Q) ( that the structures are nearly identical except for the mutated residues. At the ferroxidase sites, two magnesium ions were seen in conventional site A, which was coordinated by Glu27, Glu62
and His65, while site B of the native and its variants were not occupied in this crystallization condition (Fig. 2b) . Instead of the conventional site B, a magnesium ion is seen adjacent to the ferroxidase site, and this ion is coordinated by the side chains of the ferroxidase member, Glu61, and Gln58 (Fig. 2b) . We define this site as 'site B′' in this article. Site B′ is more accessible from the inner cavity and the transit site, Glu140. The geometries of the amino acid residues, water molecules and coordinated magnesium ions around the ferroxidase sites of all ferritins are nearly identical, suggesting that the ferroxidase sites of the variants were not disrupted by the transit site mutation. Other magnesium ions are seen around the three-fold symmetry channel (Asp131 and Glu134), four-fold symmetry channel (His173), outer surface (Asp84 and Lys86) and near the transit site (Glu140). Among these binding sites, three magnesium ions are seen around the funnel-like three-fold symmetry channel (Figs. 2c, d) in accordance with previous studies [19] . The first magnesium ion from the entrance of the channel is coordinated by the side chain of Glu134, the second is coordinated by the side chains of Glu134 and Asp131, and the third, which also faces the inner cavity, is coordinated by the side chain of Asp131. The first and second magnesium ions appear on the three-fold symmetry axes (Fig. 2c) .
The transit site of the native H ferritin, Glu140, was disordered and had two or more alternative conformations (Fig. 3a) , whereas the conformation of the side chains of the transit sites in the variants were unambiguously determined in their crystal structures (Figs. 3b, c) . In one of the alternative conformations of Glu140, the side chain is oriented toward the three-fold entry channel, while in another conformation it is oriented toward site B′ of the ferroxidase site.
In E140A, the substitution of the transit site to alanine caused a hydrophilic route to develop from the 3-fold symmetry axes to the ferroxidase site, as in the case of the soybean ferritin 10 E173A variant [10] . On the other hand, the substituted glutamine side chain was hydrogen-bonded to a water molecule, which was not seen in the crystal structure of the native and E140A (Fig. 3c) . In addition to the hydrogen bond with the Gln140 side chain (2.56 Å), this water molecule formed hydrogen bonds with the main chain oxygen of Glu134 and Thr135 (2.63 and 3.04 Å, respectively), and the main chain nitrogen of Asn139 (2.83 Å), resulting in the fixation of the glutamine side chain (Fig. 3d) . This side chain fixation caused the blockage of the hydrophilic route, which enabled the passage of metal ions or water molecules.
Discussion
Recently, the pathway for metal ion movement in the ferritin shell has received a great deal of research attention. As the active sites for iron sequestration in ferritin, two major components have been identified, namely the acidic residues lining the three-fold channel and the ferroxidase site. These sites have been identified as active sites for the metal sequestration process of ferritin. It has been suggested that the channels around the three-fold symmetry axes mainly function as iron entry channels for ferritin [3] . In this study, we have identified three magnesium ions in the channel (Figs. 2c, d ). These arrangement of magnesium ions are reminiscent the metal ion pathway from the outer part of the shell to the inner cavity through the channel, because this channel is the only entrance for the metal ions [20] . In contrast to the observation by Toussaint et al., Cys130, which was positioned at the entrance to the three-fold channel, did not have alternative conformations, and no metal ion was seen to be coordinated with this residue in our crystal structure [19] . The alternative conformation of the side chain of this cysteine is suggested to facilitate metal ion entry into the channel [19] . Even though there was no such tendency in the cysteine residue in our crystal structure, this cysteine residue may be part of a pathway of metal ion movement in vertebrate ferritin, because it has also been 11 reported that the cysteine residue (Cys126 of the L chain ferritin) binds a metal (Pd) ion, and it has been suggested that this residue forms a pathway for metal ion movement [21] . This cysteine residue may constitute the first contact for metal ions at least in vertebrate ferritin, after which the metal ions are transferred to Glu134 and/or Asp131. However, this cystein residue is absent in plant or bacterial ferritin. Concerning the translocation of metal ions among the active sites, it was suggested that the Glu61 assists with the metal ion movement from the ferroxidase site to the inner cavity, mainly because the residue in the crystal structure has two alternative conformations [4] . More recently, Turano et al. demonstrated that the iron(III) species oxidized in the ferroxidase site was translocated in the 4-helix bundle to the E-helix positioned around the four-fold symmetry axes using NMR spectrometry [9] . In contrast, there have been few studies that have described the metal ion movement from the three-fold symmetry channel to the ferroxidase site. In relation to this movement, we have identified a transit site in the crystal structure of soybean ferritin [10] . This site, Glu173 of the soybean ferritin (SFER4), is a highly conserved residue among ferritins from various species. In this study, we have demonstrated that Glu140 of the human ferritin H chain, corresponding to Glu173 of SFER4, also functions as a transit site in human H chain ferritin. The transit site variants, E140A and E140Q, have shown a delay in the iron oxidation/nucleation rate compared with that of native human H similar to the case of the rapid kinetics assay of soybean ferritin and its transit site variants (Data not shown). Furthermore, the iron oxidation/nucleation rate of E140Q was found to be slower than that of E140A. In the E140A variant, a new hydrophilic route emerged from the three-fold symmetry axes to the ferroxidase site, much like the case of soybean ferritin [10] . These hydrophilic routes enable the metal ions to pass through. On the other hand, the side chain of the substituted Gln140 was fixed by the hydrogen bond formed with a water molecule, which was hydrogen-bonded to the main chain oxygen of Glu134. This side chain fixation may hinder the Table 1 Data collection and refinement statistics for the crystals of human H ferritin and its variants, E140 A and E140Q. 
